We have analyzed the mechanism by which M protein interacts with components of the viral envelope during Sendai virus assembly. Using recombinant vaccinia viruses to selectively express combinations of Sendai virus F, HN, and M proteins, we have successfully reconstituted M protein-glycoprotein interaction in vivo and determined the molecular interactions which are necessary and sufficient to promote M protein-membrane binding. Our results showed that M protein accumulates on cellular membranes via a direct interaction with both F and HN proteins. Specifically, our data demonstrated that a small fraction (8 to 16%) of M protein becomes membrane associated in the absence of Sendai virus glycoproteins, while >75% becomes membrane bound in the presence of both F and HN proteins. Selective expression of M protein together with either F or HN protein showed that each viral glycoprotein is individually sufficient to promote efficient (56 to 73%) M protein-membrane binding. Finally, we observed that M protein associates with cellular membranes in a time-dependent manner, implying a need for either maturation or transport before binding to glycoproteins.
We have analyzed the mechanism by which M protein interacts with components of the viral envelope during Sendai virus assembly. Using recombinant vaccinia viruses to selectively express combinations of Sendai virus F, HN, and M proteins, we have successfully reconstituted M protein-glycoprotein interaction in vivo and determined the molecular interactions which are necessary and sufficient to promote M protein-membrane binding. Our results showed that M protein accumulates on cellular membranes via a direct interaction with both F and HN proteins. Specifically, our data demonstrated that a small fraction (8 to 16%) of M protein becomes membrane associated in the absence of Sendai virus glycoproteins, while >75% becomes membrane bound in the presence of both F and HN proteins. Selective expression of M protein together with either F or HN protein showed that each viral glycoprotein is individually sufficient to promote efficient (56 to 73%) M protein-membrane binding. Finally, we observed that M protein associates with cellular membranes in a time-dependent manner, implying a need for either maturation or transport before binding to glycoproteins.
The structural simplicity of paramyxoviruses makes them ideal for analyzing the complex process of enveloped virus assembly. Sendai virus particles are pleomorphic structures composed of a lipoprotein envelope surrounding a single unsegmented viral nucleocapsid. The viral envelope is composed of a lipid bilayer containing the viral fusion (F) protein, the hemagglutinin/neuraminidase (HN) protein, and the matrix (M) protein which forms an electron-dense shell immediately below the membrane. Coiled around the inside surface of the viral envelope is the nucleocapsid, a composite structure composed of a single negative-sense viral RNA genome, the nucleoprotein (NP), the phosphoprotein (P), and the polymerase protein (L).
During the final stages of infection, assembly of virus particles is triggered by the binding of nucleocapsids to cellular membranes which contain the two viral spike proteins (F and HN). Mechanistically, very little is known about the molecular interactions which occur during viral morphogenesis. However, there is strong evidence to suggest that the process is mediated by the viral M protein (18, 21) . On the basis of data obtained from the analyses of temperature-sensitive mutants (13, 14, 20) and chemical cross-linking experiments (11) , a model which predicts that M protein forms a bridge between the NP of the viral nucleocapsid and the cytoplasmic tails of both F and HN proteins has been proposed (12) . However, as yet, there is no direct evidence to support the proposed interaction of M protein with one or both of the viral glycoproteins, nor do we understand the sequential order in which components interact during virus budding.
In this study, we have addressed some of these questions by directly analyzing the molecular interactions which are both necessary and sufficient to promote M protein-membrane binding in vivo. Specifically, we have constructed three recombinant vaccinia viruses which encode Sendai virus F (RVVF), HN The morphological distribution of individually expressed Sendai virus proteins was analyzed by immunofluorescence. As can be seen in Fig. ID and E, Sendai virus glycoproteins expressed from recombinant vaccinia viruses show a typical plasma membrane-type distribution in which peripheral cellular extensions are well defined, as are the internal Golgireticular membranes which contain viral glycoproteins en route to the plasma membrane. In contrast, M protein exhibited a diffuse cytoplasmic distribution (Fig. 1F ) which did not define either peripheral cellular extensions or internal membranes. Significantly, none of the antibodies used in these experiments recognized cells infected with wild-type vaccinia virus ( Fig. 1G to I ).
M protein does not bind efficiently to membranes in the absence of Sendai virus glycoproteins. To determine the extent to which M protein binds to cellular membranes in the absence of Sendai virus glycoproteins, BHK cells were infected with RVVM alone and then analyzed by membrane flotation. Flotation analysis is a stringent assay for determining the relative degree of membrane association of a soluble cytoplasmic protein or complex. In the context of our experiments, this assay is not designed to resolve different populations of cellular organelles but rather is designed to determine the proportion of M protein which binds to any cellular membrane. Cells were pulse-labeled for 20 min at 7 hpi and chased for 2.5 h before being processed for membrane flotation as described in Materials and Methods. Following equilibrium centrifugation, membranes which corresponded to the 10%/55% (wt/wt) sucrose interface ( membranes in the absence of Sendai virus glycoproteins (16) and also demonstrate that the observed low levels of M protein-membrane binding were not simply due to the time limitations of the chase period used throughout our experiments.
Binding of M protein to membranes containing both F and HN proteins. To determine whether M protein could bind to Sendai virus glycoproteins in the absence of other Sendai virus components, BHK cells were coinfected with a combination of RVVF, RVVHN, and RVVM in a ratio of 3:3:1. Cells were pulse-labeled for 20 min at 7 hpi and then fractionated either immediately or after a 2.5-h chase period. The results presented in Fig. 3 show the relative distribution of all three proteins (F, HN, and M) following flotation centrifugation. As expected, both integral membrane proteins (F and HN) were recovered from fraction 1 regardless of whether cells were chased ( Fig. 3A and C) . In contrast, M protein was initially synthesized as a non-membrane-bound cytoplasmic protein (Fig. 3B) which subsequently bound to membranes containing Sendai virus glycoproteins during the 2.5-h chase period (Fig.  3D) .
These restricted to distended perinuclear membranes (Fig. 4A) , whereas M protein expressed alone maintained a diffuse cytoplasmic distribution (Fig. 4C) . In contrast, coexpression of F, HN, and M proteins in the presence of monensin resulted in a perinuclear accumulation of M protein which was clearly not seen in the absence of Sendai virus glycoproteins (compare Fig. 4B and C) In all flotation experiments using mixed components, a T = 0 time point was included in order to define the basal level of M protein binding for that particular experiment and to show that membrane binding was not simply due to nonspecific association which occurred as a result of cell fractionation.
F protein alone is sufficient to promote efficient M proteinmembrane association. BHK cells, infected with a combination of RVVF and RVVM at MOIs of 6 and 1, respectively, were pulse-labeled for 20 min at 7 hpi and then either processed immediately or chased for a further 2.5 h before fractionation. The results show the relative distribution of both F and M proteins following flotation (Fig. 5A to F ) and the morphological distribution of each protein during coexpression in the presence of monensin ( Fig. 5G and H) . From the cell fractionation data presented in Fig. 5A and B, it is apparent that the majority of F protein was converted to a higher-molecularweight form during the chase period. This observation is consistent with posttranslational modifications which occur during exocytic transport. It is important to note, however, that the relative distribution of F protein within the flotation gradient did not change significantly during the chase period (Fig. 5E) . Again, this result was expected since the F protein is a transmembrane protein (10) and therefore should float irrespective of its subcellular location or glycosylation pattern. The slight tailing off of the F protein signal toward the bottom of the gradient observed when cells were fractionated immediately after pulse-labeling was probably due to a less efficient flotation of dense rough endoplasmic reticulum-derived membranes in this experiment. In contrast, M protein exhibited a clear time-dependent redistribution between the cytoplasmic and membrane fractions of the flotation gradients (Fig. SF) . Immediately after pulse-labeling, M protein was predominantly detected as a soluble cytoplasmic protein or complex which remained within the dense sucrose cushion (fractions 4 to 6) following flotation. However, after the 2.5-h chase period, the majority of M protein cofractionated with membranes containing F protein (fraction 1).
To further investigate the interaction between F and M proteins, BHK cells were coinfected with RVVF and RVVM as described above. Five hours after infection, monensin was added to a final concentration of 20 ,uM, and cells were incubated for a further 3-h period before being processed for immunofluorescence. The addition of monensin resulted in a massive accumulation of F protein within distended perinuclear Golgi-like membranes (Fig. 5G) (Fig. 4C) , we conclude that F protein is individually sufficient to promote M protein-membrane binding.
HN protein is independently sufficient to promote M protein-membrane association. To determine whether HN protein also facilitates M protein-membrane interaction, BHK cells were coinfected with a combination of RVVHN and RVVM and pulse-labeled for 20 min at 7 hpi. Cells were then either processed immediately or chased for a further 2.5 h before fractionation. Like F protein, HN protein was predominantly localized within the floated membrane fraction (fraction 1) irrespective of the time of processing (Fig. 6E) . In contrast, the M protein was seen to redistribute from a cytoplasmic to a membrane distribution within the 2.5-h chase period (Fig. 6F) .
To further investigate the interaction of HN and M proteins, we coinfected BHK cells with RVVHN and RVVM in the presence of monensin as described above and analyzed the relative subcellular distribution of each protein by immunofluorescence. The results (Fig. 6G and H) tion of RVVF, RVVHN, and RVVM or RVVM alone. All cells were pulse-labeled for 20 min at 7 hpi and then chased for either 0, 45, 90, or 180 min before being processed for membranc flotation as described in Materials and Methods. The M protein detected by immunoprecipitation was initially synthesized as a non-membrane-bound cytoplasmic protein which, in the presence of F and HN proteins, started to bind to membranes within the first 45 min of chase (Fig. 7B) . Also, we observed that the relative level of membrane-bound M protein increased gradually throughout the chase period, reaching a maximal value of >75% after 3 h of chase, while the cytoplasmic population showed a concomitant decrease with time ( Fig.   FIG. 6. HN 7A to D). Interestingly, M protein expressed alone did demonstrate some time-dependent membrane binding (Fig. 7E to  H ), but the efficiency was clearly much reduced (<20%) compared with that observed in the presence of both F and HN proteins (>75%) (Fig. 71) For example, ultrastructural analyses of Sendai virus-infected cells led to the idea that M protein binds to regions of the plasma membrane which contain viral glycoproteins (1, 3, 12) and in doing so induces a site for localized clustering of envelope components, to which viral nucleocapsids subsequently bind (12) . Implicit in this idea is the fact that a population of M protein can bind to viral glycoproteins before binding to viral nucleocapsids. Our results confirm that this model would be mechanistically feasible in vivo, as we demonstrate that M protein can bind to viral glycoprotein in the absence of other Sendai virus components.
In addition, identification of temperature-sensitive mutants which produced viral particles that selectively lacked either F (13) or HN (19) protein led to the assumption that M protein must possess the ability to interact with either of the viral glycoproteins individually. Clearly, our data provide direct physical and morphological evidence to confirm this assumption.
Nonmyristylated M proteins are found in several different virus families (6), including orthomyxo-, paramyxo-, and rhabdoviruses. In each case, the M protein is presumed to provide an essential link between viral nucleocapsids and the envelope. Given the common function of M proteins, it is tempting to assume that there may be a single unifying mechanism of M protein-envelope interaction. However, recent reports concerning the mechanism of M protein-membrane interaction in rhabdovirus (5) showed that M protein binds directly to cellular membranes independent of any interaction with the viral spike or G protein. Also, the authors suggested that M protein-membrane binding must occur rapidly after synthesis while the M protein is still in a nascent or plastic conformation. However, it is evident from our data that the mechanism of membrane interaction for Sendai virus M protein is clearly different. Whether these differences represent mechanistic variations which exist between viral families or simply reflect technical limitations of different transient expression systems remains to be determined. Consequently, although M proteins appear to serve the same function in different viruses, it remains to be determined whether they do so by directly comparable mechanisms.
It would appear from our kinetic data that the rate of M protein-membrane association is slow compared with that observed during Sendai virus infection (2) . However, it is important to note that a direct comparison between the two systems cannot be made for the following reasons. First, the rate of M protein-membrane association observed during Sendai virus infection may be faster simply because viral assembly is a coordinated cooperative process in which multiple interactions serve to promote membrane incorporation of all viral components. Second, during Sendai virus infection, M protein may associate with membranes directly by binding to viral glycoproteins or indirectly as part of a mature viral nucleocapsid. Consequently, it is difficult to analyze the rate of association of either population individually during Sendai virus infection. In contrast, our assay specifically analyzes direct M protein-glycoprotein interactions. As such, the two sets of data should not be directly compared.
In the experiments reported here, we have shown that M protein does not bind efficiently to cellular membranes in the absence of viral glycoproteins. This conclusion is in contrast to the in vitro results which showed that the M protein of Newcastle disease virus binds directly to synthetic liposomes in the absence of any other proteins (7) . We believe that this apparent discrepancy arises from the fact that in vivo, M protein may interact with other cellular or viral components which restrict or mask its ability to bind directly to the lipid bilayer. It is also possible that hydrophobic domains are artificially exposed as a result of the stringent extraction procedures used to obtain the M protein used in in vitro binding assays (7) . It should also be noted that the efficiency of M protein-liposome binding in vitro was very low, and it is possible that these results correspond to the low levels of glycoprotein-independent M protein-membrane interaction which we also observe in vivo. Whether this small percentage of glycoprotein-independent M protein-membrane binding is mechanistically relevant to Sendai virus assembly remains to be seen.
During Sendai virus infection, M protein exists in both phosphorylated and nonphosphorylated forms (9) ; however, after cell fractionation, the phosphorylated form could not be easily detected (9) . In contrast to these observations, our data show that both forms of the M protein were readily detectable after cell fractionation. Interestingly, our results show that there is no difference between the relative distribution of phosphorylated and nonphosphorylated M protein following membrane flotation, as both forms of the M protein were detected in the cytoplasm and on membranes. Therefore, it would appear that within the context of our reconstitution assay, the phosphorylation state of the M protein does not absolutely dictate its subcellular localization.
In conclusion, we believe that this assay faithfully replicates the early stages of Sendai virus assembly and provides a simple in vivo system which may be used to define the precise molecular interactions which occur between M protein and each viral glycoprotein during viral assembly. Molecular dissection of each protein is being performed to determine the exact epitopes which mediate the component interactions during Sendai virus assembly.
